Mammalian spermatogenesis is regulated by coordinated gene expression in a spatiotemporal manner. The spatiotemporal regulation of major sperm proteins plays important roles during normal development of the male gamete, of which the underlying molecular mechanisms are poorly understood. Akinase anchoring protein 3 (AKAP3) is one of the major components of the fibrous sheath of the sperm tail that is formed during spermiogenesis. In the present study, we analyzed the expression of sperm-specific Akap3 and the potential regulatory factors of its protein synthesis during mouse spermiogenesis. Results showed that the transcription of Akap3 precedes its protein synthesis by about 2 wk. Nascent AKAP3 was found to form protein complex with PKA and RNA binding proteins (RBPs), including PIWIL1, PABPC1, and NONO, as revealed by coimmunoprecipitation and protein mass spectrometry. RNA electrophoretic gel mobility shift assay showed that these RBPs bind sperm-specific mRNAs, of which proteins are synthesized during the elongating stage of spermiogenesis. Biochemical and cell biological experiments demonstrated that PIWIL1, PABPC1, and NONO interact with each other and colocalize in spermatids' RNA granule, the chromatoid body. In addition, NONO was found in extracytoplasmic granules in round spermatids, whereas PIWIL1 and PABPC1 were diffusely localized in cytoplasm of elongating spermatids, indicating their participation at different steps of mRNA metabolism during spermatogenesis. Interestingly, type I PKA subunits colocalize with PIWIL1 and PABPC1 in the cytoplasm of elongating spermatids and cosediment with the RBPs in polysomal fractions on sucrose gradients. Further biochemical analyses revealed that activation of PKA positively regulates AKAP3 protein synthesis without changing its mRNA level in elongating spermatids. Taken together, these results indicate that PKA signaling directly participates in the regulation of protein translation in postmeiotic male germ cells, underscoring molecular mechanisms that regulate protein synthesis during mouse spermiogenesis.
INTRODUCTION
Mammalian spermatogenesis is composed of mitosis, meiosis, and spermiogenesis, three consecutive stages that are intricately connected. Following mitosis and meiosis, haploid spermatids derived from spermatogonia undergo drastic cellular morphogenesis that includes chromatin condensation, acrosome formation, and flagella assembly in order to generate mature sperm [1, 2] . This cellular morphogenetic process is tightly controlled by mechanisms that regulate gene transcription and protein translation. In mouse, spermiogenesis takes more than one-third of the total time of sperm development (about 14 days). Abnormality in the development of haploid spermatids that is caused by either extrinsic or intrinsic factors often leads to malformed spermatozoa, which in humans is one of the leading causes of male infertility and reproductive diseases [3] .
Both gene profiling and proteomic analyses have outlined the distinct gene expression programs that accompany the development of haploid spermatids. It was estimated that about 4% of the mouse genome is expressed during spermiogenesis and that several hundred sperm-specific proteins are synthesized by developing spermatids [4] [5] [6] . Gene targeting in mice revealed that postmeiotic gene expression requires spermspecific transcription factors and coactivators, such as CREM (cAMP response element modulator), TLF/TRF2 (TBP-like factor), and ACT (activator of CREM transcription, FHL5), that are active during the early phase of spermiogenesis [7] [8] [9] [10] . With development, chromatin-bound histone proteins are gradually replaced by transition proteins and protamines, which cause chromatin structural change and nuclear condensation, leading to a decrease of gene transcriptional activity in haploid spermatids when they enter the elongating stage of spermiogenesis [11] . In contrast, a vast amount of messenger RNAs become translationally active in elongating spermatids in order to fulfill the requirement of cellular morphogenesis at the time. Studies have suggested that both posttranscriptional and translational regulations are crucial for spermatid development across different species [12] [13] [14] . How haploid spermatids regulate mRNA metabolism and protein synthesis is not fully understood.
Posttranscriptional mRNA metabolism is regulated by both cis-elements and trans-acting factors. Consensus cis-elements that are located in both 5 0 -and 3 0 -untranslated regions (UTRs) of mRNAs are utilized for the regulation of protein translation. In mouse, both untranslated open reading frames (uORFs) at the 5 0 end and Y-box response sequence and translational control elements at the 3 0 end have been indicated to mediate the regulatory effects of RNA binding proteins during translation [15] [16] [17] . On the other hand, mRNAs that are synthesized but not translated are often stored in RNA granules, such as stress granules and P bodies of mammalian somatic cells and germ granules in embryos of Xenopus and Drosophila [18] . In mammalian male germ cells, the chromatoid body (CB), a specific germ cell RNA granule, forms active RNA processing center and plays important roles during germ cell development [19] . Under the electron microscope, the CB appears to be an electron-dense globular filamentous network with no membrane bound [20, 21] . It is a singular large granule located adjacent to the nuclei of round spermatids. Numerous sperm-specific messenger RNAs and RNA binding proteins (RBPs) have been found in the CB. RNA helicase mouse VASA homologue (DDX4, also known as MVH), piRNA binding protein PIWIL1 (also known as MIWI), and tudor domain containing proteins (Tdrds) have all been shown to be CB components and play crucial roles in the regulation of sperm development [22] [23] [24] [25] . Other trans-acting factors have also been suggested to participate in the regulation of protein translation during spermiogenesis [26, 27] . The regulatory networks, including external stimuli, internal players, and underlying molecular mechanisms that control protein translation in a spatiotemporal fashion during spermiogenesis, remain to be further explored.
Protein kinase A (PKA) signaling pathway plays diverse functions in cell physiology [28] . Spermatogenic cells express several PKA subunits, including ubiquitous RIa, RIIa, Ca, and sperm-specific Cs (Ca2) [29, 30] . Expression of different PKA isoforms is regulated temporally in different spermatogenic cell populations, suggesting that PKA signaling plays various functions during male germ cell development [31] . Gene deletion experiments in mice showed that some of the PKA subunits affect sperm morphogenesis and function. Haploinsufficiency of Prkar1a, as well as Ca gene mutation, caused malformed sperm, leading to male sterile phenotypes, whereas Cs mutant male mice developed defects in sperm motility [32, 33] . PKA has also been shown to mediate gene expression during spermiogenesis via its substrate KIF17b [34] . It is not clear by what mechanisms PKA functions and how different functions of PKA are regulated in germ cells.
One of the widely recognized mechanisms that govern PKA functions is through the A-kinase anchoring proteins (AKAPs), a family of proteins that interacts with regulatory subunits of PKA and anchors the enzyme in a wide range of defined subcellular compartments. As multidomain proteins capable of interacting with various protein partners, AKAPs can converge various signaling pathways and provide a platform for cross talk between signal transduction and downstream effectors [35] . Mammalian testes express several AKAP family members. Among them, dual-specificity AKAP1 (D-AKAP1), AKAP10 (D-AKAP2), and AKAP11 (AKAP220) are ubiquitously expressed in many cell types and have been associated with the mitochondrial sheath of sperm [36] [37] [38] , whereas sperm-specific AKAP3, AKAP4, and S-AKAP84 were found to localize in the sperm tail and may regulate sperm motility [39-41. Gene targeting in mice showed that both Akap1 and Akap10 homozygous males are fertile; thus, their biological functions during spermatogenesis are not clear [44, 45] . On the other hand, deletion of Akap4 caused malformed sperm and defects in motility, leading to male sterile phenotype [46] . The malformed sperm caused by Akap4 deletion suggests that AKAP4, although localized in the flagella of mature sperm, may also participate in cellular morphogenesis of sperm. Functions of germ cell AKAPs in modulating PKA signaling during germ cell development require further investigation.
One of the major sperm components is sperm-specific AKAP3, another AKAP family member in mouse. Previous studies suggested that AKAP3 could interact with AKAP4 in vitro and possibly play an important role during fibrous sheath assembly and spermatid morphogenesis [42] . In the meantime, AKAP3 itself is also temporally expressed during spermiogenesis. It is not clear how AKAP3 expression is regulated and whether it modulates PKA functions during spermiogenesis. AKAP3 was first found in bovine as PKA RIIa interacting protein [39] . Subsequently, it was also found in human and mouse. In vitro protein interaction studies indicated that AKAP3 may interact with numerous signaling proteins, including PDE4A, Ga13, and Ropporin, which may participate in the regulation of sperm motility [47] [48] [49] . In the present study, through analyses of Akap3 gene expression and its endogenous protein interactions in developing spermatids, we found that the expression of AKAP3 is regulated on the posttranscriptional and translational levels; newly synthesized AKAP3 forms protein complex with RNA binding proteins in the cytoplasm of elongating spermatids, thus mediating PKA signaling with RNA processing and protein translation during spermiogenesis.
MATERIALS AND METHODS

Animal Usage
CD1 mice were used for testes extraction, section preparation, sperm isolation, and testicular cell fractionation. Mice were euthanized by cervical dislocation following anesthetization with CO 2 . Animal husbandry and handling were carried out in accordance with the guidelines of IACUC and the Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences (permit no. 2008023).
Plasmid Construction and RT-PCR
Total RNA was extracted from mouse testes using the RNA Extraction Kit (Tiangen). First-strand cDNA was reverse transcribed at 428C for 1 h using reverse transcriptase AMV (Takara) with oligo-dT 18 . Full-length cDNAs of murine Akap3 (NM_009650), Prkar1a (NM_021880), Prkar2a (NM_008924.2), Nono (NM_023144.2), Piwil1 (NM_021311.3), and Pabpc1 (NM_008774) were cloned into pCI or pCMV-3Tag-9 (Promega) using PCR with gene-specific primers. The cDNA fragments of Akap3 and Actin for synthesizing sense and anti-sense probes used in in situ hybridization were cloned into pGEM3Z vector. Fragments of 3 0 UTRs of Tnp1, Tnp2, Prm2, and Akap3 were cloned in a similar way. For detection of Akap3 mRNA in testes from mice at various ages, total RNA was first isolated from testes and used as templates for RT-PCR. Actin was used as a loading control. For detection of mRNAs in pull-down and immunoprecipitation experiments, RNA was first purified using Ethanol precipitation from pull-down samples. Alternatively, immunocomplexes were used directly as templates for RT-PCR with genespecific primers. The PCR mixture was preheated at 948C for 3 min followed by 30 cycles of 948C for 30 sec, 588C for 30 sec, and 728C for 1-3 min (according to the length of the cDNA). For real-time quantitative RT-PCR of cultured spermatogenic cells, cultured cells were collected, and total RNA was extracted using the RNA Extraction Kit (Tiangen). Following reverse transcription, quantitative PCR was performed with gene-specific primers using the SYBR Premix Ex Taq Kit (Takara) on a CFX96 Real-Time System (Bio-Rad). Primer sequences, vectors, and restriction enzymes used for subcloning are listed in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org). All cDNA constructs were verified using restrictive enzyme digestions and DNA sequencing.
In Situ Hybridization
Sense and anti-sense probes were synthesized using in vitro transcription with T7 or SP6 RNA polymerase (Takara) and DIG-RNA labeling mix (Roche) for 2 h at 378C. DIG-labeled probes were ethanol precipitated, resuspended in DEPC-H 2 O, and stored at À208C. Paraffin-embedded testes sections (5 lm) were deparaffinized, rehydrated, and treated with Proteinase K (10 lg/ml) for 20 min at room temperature (RT). They were washed and fixed again with 0.2% glutaldehyde/4% paraformaldehyde for 20 min at RT. Sections were then washed and blocked with prehybridization buffer containing 50 lg/ml yeast RNA for 2 h at 658C. DIG-labeled probes were added at a concentration of 1 lg/ll and incubated overnight at 658C. After washing three times with 13 SSC at 658C, 30 min each time, sections were blocked with 2% BSA/PBS for 2 h and incubated with anti-DIG-AP antibody (Roche; 1:1000) overnight at 48C. Signals were developed using BCIP/NBT reactions. XU ET AL.
RNA Electrophoretic Gel Mobility Shift Assay
The 3 0 UTR fragments of Tnp1, Tnp2, Prm2, and Akap3, about 150-200 nucleotides long from the stop codon (not including) to the polyadenylation site, were cloned and in vitro transcribed using T7 RNA polymerase (Takara) and biotin RNA labeling mix (Roche). GST fusion proteins were expressed in Escherichia coli and purified with glutathione beads. RNA electrophoretic gel mobility shift assay (RNA-EMSA) was carried out using the LightShift Chemiluminescent RNA EMSA Kit (Thermo Scientific). Proteins were mixed with biotin-labeled RNA in reaction buffer containing 10 mM HEPES, pH 7.3, 20 mM KCl, 10 mM MgCl 2 , 10 mM DTT, and 0.1 mg/ml tRNA in a total volume of 20 ll. Mixtures were incubated at RT for 30 min. Following incubation, 5 ll of 53 loading buffer were added, and the samples were immediately loaded onto 3.5 % native polyacrylamide gel (H 2 O 8.27 ml, 29% acrylamide stock 1.16 ml, 103 TBE 0.5 ml, 10% ammonium persulfate 70 ll, TEMED 3.5 ll). The gel was run for 1-2 h at 100 V at 48C. Separated RNAprotein complexes were transferred to a nylon membrane using a semidry transfer apparatus at 15 V for 1 h. The transferred nylon membrane was crosslinked under 254 nm ultraviolet light at 120 mJ/cm 2 for 60 sec. Biotin-labeled RNA was detected using streptavidin-HRP conjugate and ECL.
Fractionation of Testicular Cells and Sucrose Gradient Sedimentation
Fractionation of spermatogenic cells using velocity sedimentation was done according to the method described previously [50] . Briefly, seminiferous tubules dissected from testes were dismantled and cut into small pieces in HyClone DMEM media (Thermo Scientific) containing 2 mg/ml Collagenase IV (Worthington) and 5 lg/ml DNase I (Worthington) and incubated at 378C for 15 min. Trypsin (Worthington) was added to a final concentration of 0.5 lg/ ml, and incubation continued for 20 min. Testicular cells were completely dissociated by pipetting up and down samples every 5 min. Dissociated cells were collected, washed with PBS, and applied onto 2%-4% BSA gradients. After 5 h of sedimentation, cells were collected into 5-ml fractions and examined for developing stages under an EVOS fl microscope (Advanced Microscopy Group) according to the morphology and nuclei of the cells. Spermatogenic cells at similar developing stages were pooled together and used for further experiments.
Sucrose gradient sedimentation was done essentially according to the procedures described elsewhere. Briefly, adult mouse testes were used for cell lysate preparation in lysis buffer (150 mM NaCl; 20 mM HEPES, pH 7.4; 5 mM MgCl 2 ; 1 mM DTT; 13 protease inhibitor cocktail; 1% NP-40; 0.4 U/ml RRI; 1 ml per testis) using a glass homogenizer on ice. Testes were briefly grinded and incubated on ice for 30 min. Crude lysates were centrifuged first at 2000 3 g for 10 min and then at 20 000 3 g for 15 min at 48C; 1-1.5 ml of supernatant were layered on top of a 20%-50% sucrose gradient prepared with Gradient Master 108 (BioComp Instrument Inc.) in a 12.5-ml ultracentrifuge tube. The samples were centrifuged at 150 000 3 g for 3 h at 48C using an Optima L-80 XP Ultracentrifuge (Beckman Coulter). Fractions were collected in Eppendorf tubes at 1 ml per fraction. Proteins were examined using SDS-PAGE and Western blotting.
Testicular Cell Culture
To culture fractionated haploid spermatids, cell fractions containing round or elongating spermatids were pooled and dispersed in cell culture media containing HyClone DMEM supplemented with 10% HyClone FBS (Thermo Scientific), 13 glutamine, 13 NEAA, 13 Na pyruvate, and 13 penicillin/ streptevidin (Gibco). Cells were cultured in suspension overnight in an incubator at 378C with 5% CO 2 . When required, H89 (Sigma) and Forskolin (Sigma) were added to final concentrations of 50 and 100 lM at the beginning of the cell culture, respectively. Trypan blue staining was used to examine the viability of cultured cells the next morning. Cultured cells were collected and washed and subjected to Western blotting or real-time quantitative RT-PCR.
Immunocytochemistry
Immunofluorescent staining was performed on frozen mouse testis sections (5 lm) prepared with OCT, mature sperm, fractionated testicular cells, and transfected 293T cells using similar procedures. Samples were first fixed in 4% paraformaldehyde (containing 0.1% Triton X-100) for 10 min at RT. They were then washed with PBS and blocked in 2% BSA/PBS for 2 h at RT. Incubation with primary antibodies was done in 1% BSA/PBST (0.01% Triton X-100) for 2 h at RT or overnight at 48C, followed by washing with PBS and incubation with secondary antibodies in 1% BSA/PBST for 2 h at RT. Immunostained testis sections were examined using an EVOS fl fluorescent microscope or a confocal laser scanning microscope (CLSM; Leica TCS TS2). Primary antibodies used were mouse monoclonal antibodies anti-AKAP3 (1:1000), anti-RIa (1:200), anti-acetylated tubulin (Sigma; T2451, 1:1000), anti-SFPQ (Sigma; WH000642, 1:400), rabbit polyclonal antibodies anti-PSPC1 (Sigma; SAB 4200067, 1:400), anti-NONO (Sigma; N8789, 1:400), anti-PIWIL1 (Abcam; ab12337, 1:50), anti-PABPC1 (Abcam; ab21060, 1:1000), anti-PKA Ca (Santa Cruz; SC-903, 1:1000), anti-hSYCP3 (Sigma; SAB1401670, 1:500), and mouse polyclonal anti-PIWIL1 (Abcam; ab89427, 1:400). Mouse monoclonal anti-AKAP3 was generated using bacterially expressed N-terminal 292-aa polypeptide as antigen and verified in the lab. Mouse monoclonal antiRIa was made by Abmart and verified in the lab. Secondary antibodies used were AlexaFluor488 or 568 goat-anti-mouse or goat-anti-rabbit IgG conjugates (Molecular Probes).
Coimmunoprecipitation, Pull-Down Assay, and Western Blotting
Adult mouse testes were dissected and removed of tunica albuginea. Lysates were prepared by homogenizing the cleaned tissue briefly in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100), containing 13 protease inhibitor cocktail (Roche). Homogenates were incubated for 30 min by rotating at 48C. After centrifugation at 12 000 rpm for 10 min at 48C, the supernatant was subjected to coimmunoprecipitation. Lysates were first precleared with Protein G agarose beads (Genscript) and then incubated with anti-AKAP3 (1:200) by rotating at 48C overnight. Normal mouse IgG (Millipore 12-371) was used as a control in parallel. Immunocomplexes were then precipitated using Protein G agarose beads for 2 h at 48C. Immunoprecipitates were washed three times with ice-cold lysis buffer, collected by brief centrifugation, and dissolved in denaturing sample buffer. SDS-PAGE and Coomassie blue staining were used to reveal proteins, which were subsequently excised from the gel and identified by protein mass spectrometry. Coimmunoprecipitations using other antibodies were done in a similar manner.
For protein pull-down assays, cDNAs of mouse Akap3, Prkar1a, Prkar2a, Nono, Piwil1, and Pabpc1 were subcloned into pGEX-4T-2 or pET-32a using restrictive enzyme digestions (Supplemental Table S2 ). Expression plasmids were transformed into BL21 bacteria, and protein expression was induced with 0.1 mM IPTG for 4 h or overnight at 168C. Bacterial lysates were prepared in 500 ll ice-cold lysis buffer (50 mM Tris, pH 7.4; 150 mM NaCl; 1% Triton X-100; 5% glycerol; 1 mM PMSF) by sonication (10-15 rounds of 2-sec bursts at 5-sec intervals, 100 W). Lysates were centrifuged at 13 000 rpm for 15 min at 48C. Supernatants containing GST fusion proteins were mixed with glutathione agarose beads (Genscript, blocked for 1 h in lysis buffer with 2% BSA) and rotated for 1 h at 48C. The coupled beads were washed in lysis buffer five times and incubated with lysates from bacterial-expressing His-tagged proteins for 2 h at 48C. Glutathione agarose beads and beads coupled with GST tag were used as controls in the same manner. Bound proteins were eluted in SDS sample buffer after washing in lysis buffer four times and subjected to Western blotting with anti-His antibody.
Testes or sperm lysates were prepared under nondenaturing (1% Triton X-100) or denaturing (2 mM DTT, 1% SDS) conditions. Protein samples were separated by SDS-PAGE and blotted with antibodies. Antibodies used were mouse monoclonal antibodies anti-AKAP3 ( 
RESULTS
Delayed Protein Translation of Akap3 During Mouse Spermiogenesis
During the first round of spermatogenesis following birth of the animal, meiotic spermatocytes appear around 10 days postpartum (dpp) and haploid spermatids around 21 dpp. In situ hybridization of Akap3 on mouse testis sections at various ages showed that its mRNA signals were detectable only at 25 dpp, the time when haploid spermatids enter the elongation stage (Fig. 1, A-F) , similar to what was found previously [39, 42] . However, more sensitive RT-PCR revealed that mRNA of Akap3 appeared much earlier following birth with minimum AKAP3 SYNTHESIS REGULATED BY RBP AND PKA expression at 10 dpp (Fig. 1I) . The level of Akap3 mRNA increased dramatically around 20 dpp, when spermatocytes complete meiosis. Further elevation at 25 dpp could be seen at a level as high as in adult mice, suggesting a complete expression level when spermatids enter the elongating stage (Fig. 1I, upper panels) . The increase of Akap3 mRNA was gradual during meiosis compared to Actin controls (Fig. 1I , lower panels). Thus, although in situ hybridization detected Akap3 mRNA only in the late spermiogenic stage, a more sensitive RT-PCR method revealed that the expression of Akap3 mRNA occurs both in meiotic spermatocytes and during the early phase of spermiogenesis.
We next examined the synthesis of AKAP3 protein during mouse spermatogenesis. Testis sections were first immunostained with a specific AKAP3 monoclonal antibody generated in the lab. It was found that AKAP3 was detectable only at 25 dpp and increased markedly around 30 dpp (Fig. 2, A-F , left panels), whereas control acetylated tubulin, a marker for developing flagella that is expressed in early spermiogenesis, could be seen around 20 dpp (Fig. 2, A-F , right panels), suggesting that AKAP3 is synthesized during the late stage of spermiogenesis. To further examine AKAP3 expression as well as its subcellular distribution at the single-cell level, spermatogenic cells were fractionated using the velocity sedimentation method [50] (Supplemental Fig. S1 and Table S3 ). Immunostaining of fractionated spermatogenic cells revealed that AKAP3 was found mainly in the posterior cytoplasm adjacent to nuclei of step 8/9 elongating spermatids. No fluorescent signals were detected in either spermatocytes or round spermatids (Fig. 2, G-I) . Consistent with the immunostaining results, AKAP3 was detected biochemically at 25 dpp, when immunoprecipitation was first used to enrich proteins from testis lysates (Fig. 2J) . Furthermore, Western blotting of fractionated cells showed that AKAP3 is expressed mainly in elongating spermatids (Fig. 2K) . A trace amount of protein was sometimes seen in the round spermatid fraction, possibly due to the impurity of fractionated cells. Collectively, these results indicate that AKAP3 protein is synthesized in elongating spermatids during spermiogenesis, about 2 wk later than its gene's mRNA transcription, which occurs during the meiotic stage.
Coimmunoprecipitation of Cytoplasmic AKAP3
As shown by the immunofluorescent staining results, newly synthesized AKAP3 is diffused in the cytoplasm of elongating spermatids. To find out whether nascent AKAP3 is associated with proteins that regulate its synthesis, coimmunoprecipitation was used to examine the endogenous AKAP3 using cell lysates prepared from adult mouse testes under nondenaturing conditions. Compared to the IgG control, the immunocomplex of AKAP3 contained multiple proteins, ranging from 30 to 120 kilodaltons ( Fig. 3A and Supplemental Fig. S2 ). They were subsequently identified using protein mass spectrometry. Peptide sequences identified were matched to proteins in PDI databases. Proteins with the highest coverage of identified peptides (35%-60%) were chosen as positive matches and subjected to further analyses. Besides AKAP3 and PKA regulatory subunits, multiple RBPs were identified, including PIWIL1 (mouse PIWI homologue), PABPC1 (poly-A binding protein, cytoplasmic 1), and NONO (non-POU domain containing, octamer binding protein). Among these, PIWIL1 and PABPC1 have been shown to be expressed in developing spermatids, where PIWIL1 is a component of the CB. NONO, together with SFPQ (splicing factor proline/glutamine rich) and PSPC1 (paraspeckle component 1), belongs to the DBHS (Drosophila behavior and human splicing) RNA binding protein family, which has been found to be present in paraspeckles, the subnuclear interchromatin regions in the nuclei of mammalian cells [51] [52] [53] .
Using fractionated spermatogenic cells, the expression profiles of the identified proteins during spermatogenesis were first compared. It was found that most of the proteins were expressed throughout the meiotic and postmeiotic stages, concomitant with AKAP3 synthesis during the elongating stage (Supplemental Fig. S3A ). However, their expressions follow different dynamics. Both PIWIL1 and PABPC1 were slightly reduced in elongating spermatids, whereas the DBHS proteins decreased dramatically. PKA subunits appeared to maintain constant expression levels, except that RIa was also reduced during the elongation stage (Xu and Qi, unpublished data). In addition, most of the proteins examined were mainly in soluble fractions of testis lysates that were prepared under nondenaturing conditions, while a large fraction of AKAP3 was found in the insoluble fraction, consistent with its final localization in the sperm tail (Supplemental Fig. S3B) . Thus, AKAP3 SYNTHESIS REGULATED BY RBP AND PKA biochemical analyses identified that newly synthesized AKAP3 could form protein complexes with RBPs and PKA in the cytoplasm of elongating spermatids.
Interactions of RBPs and AKAP3
To further confirm the interactions among RBPs, testis lysates were immunoprecipitated with PABPC1 antibody. It was found that both NONO and PIWIL1 were selectively precipitated with PABPC1 compared to the control IgG (Fig.  3B) . Using bacterially expressed recombinant proteins, the RBPs that are fused with GST were found to directly interact with their respective His-tagged RBP counterparts (Fig. 3C) . Thus, both in vivo and in vitro experiments showed that all three RBPs interact with each other directly. Since these RBPs were immunoprecipitated with AKAP3, their interactions with AKAP3 were further analyzed using bacterially expressed GST-AKAP3 fusion protein and His-tagged RBPs in the in vitro pull-down assays. It was found that GST-AKAP3 was able to interact with both PIWIL1 and PABPC1 (Fig. 3D) but not NONO, suggesting that not all the RBPs interact with AKAP3 directly. Since AKAP3 is not synthesized until step 8/ 9 spermatids, its interactions with PIWIL1 and PABPC1 are likely to occur during the elongating stage.
Colocalizations of the RBPs in the CB of Round Spermatids
The presence of RBPs in AKAP3 immunoprecipitates suggests that they could form RNA binding to regulate mRNA translation. To test this, subcellular localizations of the RBPs were first determined in spermatogenic cells using immunocytochemistry. Immunostaining of testis sections with DBHS protein antibodies revealed that they are localized mainly in cell nuclei at the periphery of seminiferous tubules and intertubular regions (Supplemental Fig. S4A ), as previously reported [54, 55] . Interestingly, NONO was also found in the Immunocomplex separated on SDS-PAGE was revealed by Coomassie blue staining. Protein bands (marked by asterisks) were excised and identified using mass spectrometry. Besides AKAP3, identified proteins include PKA RIa (cAMP-dependent protein kinase A regulatory subunit Ia) and RBPs, including PIWIL1 (mouse PIWI-like homologue I), PABPC1 (polyadenosine binding protein, cytoplasmic 1), and NONO (non-POU domain containing, octamer binding protein). In addition, SFPQ (splicing factor proline/glutamine rich), XPEP1 (X-prolyl aminopeptidase 1), and PSPC1 (paraspeckle component 1) were also found in the complex. AKAP3 immunocomplex is specific to anti-AKAP3 antibody as compared to the mouse IgG control. B) Coimmunoprecipitation of PABPC1. When testis lysate was immunoprecipitated with anti-PABPC1, both NONO (left) and PIWIL1 (middle) could be seen in precipitates. Positions of NONO and PIWIL1 are indicated by asterisks. Mouse IgG was used as a negative control. C) In vitro GST pull-down assays. Bacterially expressed GST-fusion and His-tagged proteins were used in GST pull-down assays. NONO directly interacts with both PIWIL1 and PABPC1 in vitro. GST beads were used as negative controls. More proteins were pulled down when the amount of His-tagged input increased. GST-fusion proteins used are indicated on the left of the gels. D) GST-AKAP3 in vitro pull-downs. GST-AKAP3 fusion protein was used to pull down His-tagged PIWIL1 and PABPC1. Both proteins were shown to interact with AKAP3 directly in GST pull-down assays. GST beads and beads alone were used as negative controls. Numbers in C and D indicate the input samples used, in microliters, during pull-down. A rabbit polyclonal anti-PIWIL1 was used in B, and anti-His antibody was used for immunoblotting in C and D.
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cytoplasm of spermatogenic cells in the inner cell layers of seminiferous tubules although at much lower levels (Supplemental Fig. S4B ). When fractionated testicular cells were immunostained with anti-NONO, fluorescent signals of NONO were specifically localized in discrete perinuclear granules in the cytoplasm of spermatocytes and ring-like granular structures in round spermatids, some of which have a resemblance to the CB (Fig. 4A) . The same antibody against NONO specifically stained nuclear speckles in NIH3T3 cells (Supplemental Fig. S4C ), confirming the specificity of the antibody and indicating that NONO has different subcellular distributions in different cell types. Thus, besides previously reported nuclear localizations and DBHS protein complex in Sertoli cells (Supplemental Fig. S4D ), NONO is also localized in discrete granular structures that have not been described before in meiotic and postmeiotic spermatogenic cells.
PIWIL1 has been shown to localize in the CB of round spermatids and plays important functions in the processing of germ cell mRNAs [51] . The CB is a singular large ribonuclear protein complex that is unique to round spermatids. To find out whether NONO and PAPBC1 are also localized in the CB, round spermatids were immunostained for either NONO or PABPC1 along with PIWIL1. Consistent with previous studies, PIWIL1 was localized mainly in the CB of round spermatids.
Interestingly, both NONO and PABPC1 were also found in the CB of round spermatids, indicating that they both constitute the components of the CB and colocalize with PIWIL1 in the CB (Fig. 4, B and C) . In addition, PABPC1 has a more prominent diffused cytoplasmic distribution, whereas NONO is present in extra ring-like cytoplasmic granules. Collectively, these results indicate that the RBPs are differentially localized in meiotic spermatocytes and developing spermatids. They converge in the CB and interact with each other to form RNA binding complexes. In addition, the extra subcellular localizations of NONO and PABPC1 suggest that they may participate in various steps of mRNA processing and protein translation.
Interactions of RBPs with mRNAs of Sperm-Specific Genes
RBPs interact with mRNAs and form ribonuclear protein complexes that facilitate the posttranscriptional and translational processing of mRNAs. All three RBPs have been shown to bind messenger and regulatory RNAs in various cell types. In order to determine whether they interact with messenger RNAs of sperm during spermiogenesis, we performed RNA-EMSA. Fluorescent signals of NONO decreased dramatically in elongating spermatids. B) Coimmunostaining of PIWIL1 and NONO. Round spermatids were coimmunostained for PIWIL1 (red) and NONO (green). NONO was found to colocalize with PIWIL1 in the CB (red arrows in merged image). Additional NONO containing granular structures were also seen in the cytoplasm of round spermatids (green arrows in merged image). C) Coimmunostaining of PIWIL1 and PABPC1. Round spermatids were immunostained for both PIWIL1 (red) and PABPC1 (green). PABPC1 was found in the cytoplasm and colocalized with PIWIL1 in chromatoid bodies. PIWIL1 was immunostained with a mouse polyclonal antibody. Samples were examined using confocal microscopy. Cell nuclei were stained with DAPI. Bar ¼ 10 lm.
AKAP3 SYNTHESIS REGULATED BY RBP AND PKA
Tnp1, Tnp2, Prm2, and Akap3, were cloned and in vitro transcribed in the presence of Biotin-UTP (Fig. 5A) . Labeled RNA fragments were mixed with recombinant GST fusion or His-tagged RBPs expressed in E. coli. RNA-protein complexes were separated on native polyacrylamide gel along with labeled RNA controls. If RBPs bind to 3 0 UTR and form complexes, they migrate slower on gel, indicating the direct interactions between the RNA and RBPs. Compared to the GST control, which did not show the formation of a high-molecular-weight complex with 3 0 UTR (Fig. 5B) , PABPC1 was found to bind all selected 3 0 UTRs, consistent with its role as a polyadenosine binding protein (Fig. 5C) . Similarly, PIWIL1 was also able to bind 3 0 UTRs of Tnp2 and Prm2 (Fig. 5D ). Since full-length NONO protein caused high-molecular-weight aggregates that find it difficult to enter the gel, we used the RNA binding domain of NONO in the RNA-EMSA. The N-terminal domain of NONO (NONO-N) was able to bind to the 3 0 UTRs of Prm2 and Akap3 (Fig. 5E ). In support of this, when full-length NONO fused with GST was used to pull down testis lysates, the pull-down samples were found to contain mRNAs of sperm-specific genes, as revealed by RT-PCR using the pulldown samples as a template (Supplemental Fig. S5A ). Taken together, all three RNA binding proteins could interact with the mRNAs of sperm-specific genes directly.
Colocalizations of AKAP3 and RBPs in the Cytoplasm of Elongating Spermatids
In elongating spermatids, the expression of both PIWIL1 and PABPC1 was reduced as suggested by Western blotting (Supplemental Fig. S3A ). This is the time when AKAP3 is expressed. To discover the subcellular localizations of PIWIL1 and PABPC1 in elongating spermatids, immunostaining was performed in fractionated spermatids. It was found that both PIWIL1 and PABPC1 were localized in the cytoplasm of the cells. PIWIL1 signals were sometimes seen in the disassembling CB, which are smaller than CB in round spermatids, whereas PABPC1 was more diffused (Supplemental Fig. S6,  arrows) . Thus, both PIWIL1 and PABPC1 are not degraded right away when spermatids enter the elongating stage but rather are redistributed throughout the posterior cytoplasm adjacent to the nuclei. In contrast, NONO was reduced dramatically, consistent with biochemical analyses (Supplemental Figs. S3A and S4E) . Immunostaining of elongating spermatids also showed that NONO is greatly reduced (Fig. 4A and Supplemental Fig. S4E ). Since newly synthesized AKAP3 is also localized in the cytoplasm surrounding the condensing nuclei, we further examined whether AKAP3 colocalizes with PIWIL1 and PABPC1. In support of the biochemical analyses, it was found that AKAP3 was colocalized with both PIWIL1 and PABPC1 throughout the posterior cell body of elongating spermatids, except in the diminishing CB (Fig. 6, A and B) . No apparent colocalizations of NONO and AKAP3 were detected in elongating spermatids (Supplemental Fig. S4E ). Thus, nascent AKAP3 colocalizes with PIWIL1 and PABPC1 in the cytoplasm of elongating spermatids.
FIG. 5. Interactions of RNA binding proteins with mRNA 3
0 UTRs of sperm-specific genes. A) Schematic drawing shows the 3 0 UTR regions of postmeiotic genes Tnp1, Tnp2, Prm2, and Akap3 that were used in RNA-EMSA. B-E) RNA-EMSA of 3 0 UTRs of sperm-specific mRNAs. Bacterially expressed GST-PABPC1 and His-PIWIL1 were able to form a high-molecular-weight complex with biotin-labeled 3 0 UTRs of sperm-specific mRNAs, as revealed on native polyacrylamide gels in C and D, respectively. The N-terminal RNA binding domain of NONO (NONO-N) was also found to bind 3 0 UTRs of Prm2 and Akap3 (E). GST alone was used as a negative control (B). RNA bands were detected using streptavidin-HRP conjugate following native polyacrylamide gel electrophoresis.
XU ET AL.
Interactions of PKA Subunits and RBPs in Spermatogenic Cells
Since AKAP proteins compartmentalize PKA signaling in the cell, we next examined whether PKA subunits would be associated with RNA binding proteins and subsequently participate in the regulation of protein translation. In haploid spermatids, PKA RIa was found to be diffusely distributed in the cytoplasm of round and elongating spermatids, whereas RIIa was associated with cytoskeletal structures, including manchette in elongating spermatids (Fig. 7A) . Using immunofluorescent staining, we examined the subcellular distributions of the PKA subunits in relation to PIWIL1 and PABPC1. When RIa was costained with PABPC1 in round and elongating spermatids, colocalization of RIa and PABPC1 could be seen throughout the cytoplasm of both cell types (Fig.  7, A and B) . Similarly, RIa was also found to colocalize with PIWIL1 in the posterior cytoplasm of elongating spermatids, except in the CB (Fig. 7C) . In addition, catalytic subunit Ca was also found to be diffusely localized in the cytoplasm of elongating spermatids and to colocalize with PIWIL1 in the perinuclear cytoplasmic regions (Fig. 7D) , suggesting that the type I isozyme of PKA associates with the RBPs directly. Thus, RBPs found in the AKAP3 immunoprecipitates colocalize with PKA isoforms in the cytoplasm of elongating spermatids.
AKAP3 Expression Is Positively Regulated by PKA Signaling
Both PIWIL1 and PABPC1 have been shown to associate with translational machinery and can be found in polysomal fractions during sucrose gradient sedimentation [52, 56] . The partial overlapping localizations among the RBPs and PKA subunits suggested that the latter may take part in mRNA processing and protein translation. To further examine whether they are associated with the protein translation apparatus, testis lysates were analyzed using sucrose gradient sedimentation. Consistent with previous reports, both PABPC1 and PIWIL1 were found in RNP to polysomal fractions on sucrose gradients. Interestingly, PKA RIa and Ca subunits were also found in polysomal fractions but not RIIa (Fig. 8A) . When EDTA was used to dissociate polysomes, both RIa and Ca were shifted to lighter RNP fractions, along with PABPC1 and PIWIL1, indicating that PKA subunits are associated with the translational machinery directly (Fig. 8B) . In support of this, mRNAs of both sperm-specific Akap3 and Akap4 were found to coprecipitate with PKA Ca, as revealed by RT-PCR using PKA Ca immunoprecipitates as a template, suggesting that PKA subunits are associated with sperm-specific mRNAs along with RBPs during spermiogenesis (Supplemental Fig.  S5B ).
To test whether PKA signaling plays a functional role in the regulation of protein synthesis during spermiogenesis, we cultured fractionated haploid spermatids in the presence of either PKA inhibitor H89 or the adenylyl cyclase activator Forskolin. During the in vitro culturing time, elongating spermatids were able to maintain activity with very little cell death, as assayed by trypan blue staining. Total cell lysates were examined on Western blots for the expression of AKAP3. Compared to control cells and round spermatids, H89 reduced the AKAP3 protein level, while Forskolin dramatically increased translation of the protein in elongating spermatids (Fig. 8C) . In contrast, the messenger RNAs of several spermspecific genes, including Akap3 and Akap4, were not changed during the in vitro culturing time, as determined by real-time quantitative RT-PCR (Fig. 8D) . Taken together, these results indicate that the activation of PKA signaling facilitates protein translation in elongating spermatids.
DISCUSSION
Translational regulation comprises an important regulatory mechanism during spermiogenesis, when spermatogenic cells have overall reduced transcriptional activities and an increased requirement for sperm-specific proteins. Analyses of Akap3 expression demonstrate that the transcription of its gene precedes the synthesis of its protein by about 2 wk. This phenomenon has been shown for other sperm-specific genes [57, 58] . The messenger RNAs that are accumulated in spermatocytes and round spermatids then must be kept under a repressive state until the right time (the elongating stage of spermiogenesis) to become translationally active (Fig. 9) . Apparently, both cis-elements of messenger RNAs and transacting RNA binding proteins participate in the regulation of AKAP3 SYNTHESIS REGULATED BY RBP AND PKA this process. Comparative genomic analyses have recently identified well-conserved sequences of 5 0 and 3 0 UTRs presented in transcripts of a dozen sperm-specific genes across mammalian species, including that of Akap3 [17] . In the same vein, the RBPs identified in the AKAP3 precipitates were found to interact with the 3 0 UTRs of sperm-specific genes directly (Fig. 5 ). As components of germ cell RNA granules (the CB), these RBPs may function to stabilize mRNAs within the CB that have similarities to stress granules and P bodies found in somatic cells. It will be of interest to find out how transcripts of Akap3 and other sperm-specific genes are processed in the germ cell RNA granules before their proteins are translated.
Small RNA binding protein PIWIL1 is a Drosophila PIWI homologue expressed in the mammalian germ line. Three PIWI family members (PIWIL1 PIWIL2, also known as MILI and PIWIL4, also known as MIWI2) have been shown to be expressed at different stages during mouse spermatogenesis. Genetic studies in mice have established that three mouse PIWI homologues have multiple functions in regulating sperm development at different stages, including transposon silencing, epigenetic modifications, and protein translation regulation [59] . Interestingly, deletion of Piwil1 in mice caused male infertility due to the developmental arrest of spermatids around step 4 [51] . It has also been shown that PIWIL1 is associated with polysomal fractions of translationally active mRNAs [56] . In our experiments, PIWIL1 was found to redistribute into posterior cytoplasm at the initial phase of elongating spermatids, where it colocalizes with nascent AKAP3 in support of their physical interaction as demonstrated by biochemical analyses (Fig. 9) . Consistent with this, recent proteomic studies identified both PABPC1 and AKAP3 in endogenous PIWIL1 protein complex from wild-type mice [60] . In addition, high-throughput RNA sequencing analysis of interacting RNA repertoire of PIWIL1 and PIWIL2 demonstrated that PIWIL1 binds messenger RNAs directly without the consent of piRNAs, further indicating its role during protein synthesis [61] . Although PIWIL1 is gradually degraded via the ubiquitin system in elongating spermatids during spermiogenesis [62] , the mechanism of its function during protein translation requires further investigation.
The finding that PABPC1 and NONO are also components of the CB indicates that they participate in the processing of mRNAs during spermatogenesis. The presented results demonstrate that these RBPs form complexes through direct protein-protein interactions. However, PABPC1 and NONO have extra cytoplasmic localizations, indicating their somewhat different RNA regulatory roles from PIWIL1. For example, NONO is found to localize in the ring-like granular structures in round spermatids that have not been observed before. They are distinctly different from the CB, suggesting that additional functions are anticipated from NONO before and/or after mRNAs enter the CB in germ cells. Unlike PIWIL1 and PABPC1, the absence of NONO in polysomal fractions from the sucrose gradient suggested that it may participate in RNA regulation early during spermiogenesis before translational active stage. It is interesting to note that clock genes that are regulated by NONO have recently been associated with the formation of CB [63] . Further research will reveal whether they are involved in regulating different subsets of mRNAs or take EDTA dissociates polysomes and shifts PABPC1, PIWIL1, and PKA Ca to monosomal and RNP fractions. ACE-TUB, acetylated tubulin. C) Western blotting of in vitro cultured spermatids. Expression of AKAP3 was increased markedly in the presence of Forskolin and decreased in the presence of H89 in elongating spermatids but not in round spermatids. The small amount of AKAP3 in round spermatids could be from the elongating spermatids contained in the cell fractions. GAPDH was used as a protein loading control. Shown are representative gels of three independent experiments. Changes of AKAP3 were measured as the ratio of AKAP3 and GAPDH protein band density from Western blots. Data presented as average optical density 6 SD, n ¼ 3. D) Real-time quantitative RT-PCR of sperm-specific genes. Levels of mRNAs of sperm-specific genes, including Akap3, were quantified using quantitative RT-PCR from developing spermatids after the cells were cultured in vitro in the presence of PKA agonist Forskolin (RS, round spermatids before culture; RSÀ, round spermatids cultured in vitro without Forskolin; RSþ, round spermatids cultured in vitro with 100 lM Forskolin; ES, elongating spermatids before culture; ESÀ, elongating spermatids cultured in vitro without Forskolin; ESþ, elongating spermatids cultured in vitro with 100 lM Forskolin). No significant changes of mRNA were seen. Acr, acrosin; Prm1, protamine 1. Average expression levels were calculated from three independent experiments. AKAP3 SYNTHESIS REGULATED BY RBP AND PKA part in various steps of RNA processing as well as how they are coordinated during protein translation regulation in developing spermatids.
Previous studies have suggested that AKAP3 interacts with multiple proteins, such as PDE4A, sAC, Ga13, and Ropporin, in mature sperm. Like other AKAP proteins, AKAP3 utilizes different domains for interaction with various partners, such as its N-terminal PKA RIIa binding region [39] . While it is not clear whether AKAP3 could bind different proteins under different conditions, coimmunoprecipitation of mouse testis lysates that were prepared under nondenaturing conditions led us to uncover multiple previously unknown AKAP3 interacting proteins. This is in part due to the specific antibody that allowed analyses of endogenous protein complex. Both biochemical and cell biological experiments showed that the complex containing AKAP3 most likely forms in the cytoplasm of elongating spermatids where AKAP3 is synthesized. This also suggested that newly synthesized AKAP3 interacts with PKA subunits to bring the signaling pathway into close proximity with RNA binding proteins that regulate the mRNAs (Fig. 9) . Since the identified RBPs were found to directly interact with the mRNAs of Akap3 and other spermspecific genes, it is possible that a feedback loop is present between the newly synthesized proteins and their mRNA regulators during protein translation at the late spermiogenesis stage.
The functions that PKA plays and how the diversified functions of PKA signaling are regulated during spermatogenesis are not fully understood. Previous research has indicated that PKA regulates gene transcription and sperm motility. However, several lines of evidence presented here suggest that PKA signaling may function in translational regulation directly (Fig. 9) . PKA subunits interact with RBPs physically, as shown in protein pull-down assays. In addition, when PKA Ca was immunoprecipitated from mouse testis, mRNAs of spermspecific genes Akap3 and Akap4 were found in the PKA Ca immunoprecipitates. Furthermore, PKA subunits RIa and Ca are found to cosediment with polyribosomes on the sucrose gradient, supporting the notion that PKA signaling may directly participate in the regulation of protein translation. It is possible that AKAP3 serves to bridge PKA signaling and RNA binding proteins during the regulation of protein translation of sperm-specific proteins (including AKAP3 itself). One possibility is that PKA, on activation, releases translational repression imposed by RNA binding proteins and allows protein synthesis to occur. Consistent with this, PKA inhibitor H89 decreased and adenylyl cyclase activator Forskolin increased expression of AKAP3 protein in elongating spermatids during in vitro culture, with no change in mRNA levels. In the same vein, it has been shown that PKA signaling may be directly involved in regulating the stability of messenger RNA and protein translation in other cell systems [64, 65] . As mentioned earlier, several AKAPs are expressed in mammalian testis. It is not clear whether the other AKAPs also participate in modulating the PKA subtypes during spermatogenesis and how they regulate PKA activities in male germ cells. Future research will reveal the functional interactions among the control of protein translation, PKA signaling, and spermiogenesis.
FIG. 9.
Model of protein translation regulation during mouse spermiogenesis. Schematic drawing of spatiotemporal regulation of protein translation during mouse spermiogenesis. Both RNA binding proteins (RBPs) and PKA signaling are involved in the regulation of mRNA metabolism and protein translation during mouse spermiogenesis, as suggested by presented data. RBPs (including PABPC1, PIWIL1, and NONO) form a complex with spermspecific mRNAs and are distributed in the cytoplasm of spermatocytes. When meiosis is completed, RNA-protein complexes become concentrated in RNA granules of round spermatids, such as the CB, so that mRNAs are held at a translationally repressive state. Once the elongation stage starts, RNARBPs exit RNA granules, and polyribosomes are assembled in the cytoplasm. The mRNAs are becoming translationally active. Via an unknown mechanism, type I PKA subunits are also recruited to polyribosomes, as suggested by biochemical analyses. On activation of PKA signaling at this stage, protein translation starts in order to synthesize sperm-specific proteins, including that of AKAP3. Newly synthesized AKAP3 may also help to maintain PKA RIa and RBPs in the cytoplasm, which antagonizes the activation of PKA activity and protein synthesis. The dissociated PKA subunits and RBPs are gradually degraded at a later stage. Cytoplasmic AKAP3 as well as PKA Ca associated with type II regulatory subunits become bound along the cytoskeletal manchette and are assembled into sperm tail. Thus, both RNA binding proteins and PKA signaling make up the spatiotemporal regulatory mechanisms that dictate protein translation during mouse spermiogenesis. The color scheme of cellular components is depicted at the left.
